A eletrodeposição de filmes finos de um derivado da indenodiona em eletrodo de carbono vítreo modificado por nanotubos de carbono de paredes múltiplas (ECV-NTCPM), mostra um par de picos com características de confinamento em superfície. O eletrodo de carbono vítreo modificado por NTCPM e pela indenodiona (ECV-NTCPMI) apresenta uma alta atividade catalítica para a eletro-oxidação de hidroxilamina. O potencial do pico anódico para a oxidação da hidroxilamina em ECV-NTCPMI é aproximadamente 140 mV, enquanto em ECV-NTCPM e em ECV modificado pela indenodiona (ECV-MI), os potenciais de pico aparecem em aproximadamente 505 e 525 mV, respectivamente. Os resultados mostram que há um aumento da corrente do pico anódico de oxidação da hidroxilamina em ECV-NTCPMI quando comparado ao valor obtido com ECV-MI ou ECV-NTCPM. Os resultados também sugerem que a combinação de NTCPM com um mediador melhora, definitivamente, as características de oxidação da hidroxilamina. Além disso, a voltametria de pulso diferencial exibe dois intervalos dinâmicos lineares de 1,0-10,0 e 10,0-100,0 µmol L -1 com sensitividade de 0,1955 e 0,0841 µA L µmol -1 respectivamente e um limite de detecção mais baixo, de 0,8 µmol L -1 para hidroxilamina. A excelente reversibilidade eletroquímica do par redox, a simplicidade técnica, e a boa atividade eletrocatalítica para hidroxilamina são as vantagens deste eletrodo modificado. Finalmente, a atividade do ECV-NTCPMI foi também investigada para a determinação da hidroxilamina em duas amostras.
Introduction
The electrocatalytic oxidation of hydroxylamine (NH 2 OH) has attracted many researches groups. [1] [2] [3] [4] [5] [6] Hydroxylamine is known as a kind of reducing agents, which is widely used in industry and pharmacy. It is identified as a key intermediate in nitrogen cycles and production of nitrous oxide. 7 Hydroxylamine is a natural product found in mammalian cells and bacteria. In the former, NH 2 OH may be formed from decomposition of nitrosothiols. 8 Moreover, some hydroxylamine derivatives also constitute a great part of anticancer drugs. 9 In addition, hydroxylamine has been shown to inactivate or inhibit a number of cellular enzymes and some viruses in vitro. It is also a skin irritant and sensitizer. Numerous methods have been developed for the determination of hydroxylamine. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] For example, chromatographic, 10 spectrophotometric, [11] [12] [13] and electrochemical, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] methods have been successfully applied to the determination of hydroxylamine. In this regard, we reported the preparation of a coumestan derivative modified carbon paste electrode, 19 and a rutin multi-wall carbon nanotubes modified glassy carbon electrode, 20 and their application in the electrocatalytic oxidation of hydroxylamine. Also, some recent studies demonstrate the versatility of the use of derivatives nitroso/ hydroxylamine as electrochemical probes for some analytes of biological imprortance. [24] [25] [26] [27] Due to the unique properties of carbon nanotubes (CNTs) such as high surface area, chemical stability, and high electrical conductivity, 28 the application of CNTs in fabrication of electrochemical sensors and biosensors has been studied by many research groups. [30] [31] [32] [33] [34] The subtle electronic properties of carbon nanotubes suggest that they have the ability to promote electron transfer reaction when used as an electrode material in an electrochemical reaction, which provides a new way in the electrode surface modification for designing new electrochemical sensors. 20, [29] [30] [31] [32] [33] [34] [35] [36] Recently, we have used MWCNT modified electrodes for electrocatalytic determination of some species. 20, 29, 36, 37 Owing to the importance of parahydroquinone ring substituents on the reactivity of the mediator, 36 it seems that using an indenedione derivative, with a para-hydroquinone ring in its structure could be important as a modifier and could yield some new information about the catalysis of some slow reactions. We recently described the electrochemical properties of the indenedione derivative MWCNT modified carbon ceramic electrode (IMWCNT-CCE) and its application as a modified electrode for detecting hydrazine. 36 In this paper we report the characteristics of another modified electrode which was prepared from the electrodeposition of an indenedione derivative (see Scheme 1 for structure) on MWCNT modified GCE (IMWCNT-GCE). The reactivity of this modified electrode is also examined toward the electrocatalytic oxidation of hydroxylamine with the aim of finding its capabilities as an electron transfer mediator. In this report, we also investigate the electrochemical oxidation of hydroxylamine at MWCNT modified GCE (MWCNT-GCE) and the indenedione derivative modified GCE (IMGCE). The results show that some of the quantitative determination characteristics of hydroxylamine at an IMWCNT-GCE are remarkably improved and also its overpotential is reduced, when compared to MWCNT-GCE and IMGCE. Finally, the analytical application of IMWCNT-GCE is described as a voltammetric detector for hydroxylamine determination in two water samples.
Experimental

Reagents and apparatus
The multi-wall carbon nanotubes with a diameter of 10-20 nm, a length of 5-20 µm, and a purity of >95% were purchased from Nanolab Inc. (Brighton, MA). Hydroxylamine, the chemicals used for preparation of buffer solutions, and other reagents had analytical grades from Merck and were used as received. The indenedione derivative (2-(2,5-dihydroxy-3,4-dimethylphenyl)-2-phenyl-2H-indene-1,3-dione), (see Scheme 1 for structure), was synthesized and purified according to the procedure described recently. 38 In the present paper, we refer to this indenedione derivative as indenedione for convenience. Doubly distilled water was used to prepare all the solutions. Buffer solutions (0.1 mol L -1 ) were prepared from H 3 PO 4 , and the pH was adjusted with NaOH solution. Hydroxylamine solution was freshly prepared just prior to use and all the experiments were carried out at a room temperature.
An Autolab potentiostat-golvanostat PGSTAT 30 (Eco Chemie, Ultrecht, the Netherlands) equipped with GPES 4.9 software, in conjunction with a three-electrode system and a personal computer was used for electrochemical measurements. A saturated calomel reference electrode (SCE), a platinum wire counter electrode, an indenedione derivative electrodeposited on a GCE (IMGCE), multi-wall carbon nanotubes modified GCE (MWCNT-GCE), and an indenedione derivative electrodeposited on multi-wall carbon nanotubes modified GCE (IMWCNT-GCE) were employed as working electrodes for the electrochemical studies. 
Electrode preparation
The procedure of the working electrode pretreatment, activation and modification was as follows. At first, the GCE was carefully polished mechanically with 0.05 µm Al 2 O 3 slurry on the polishing cloth to a mirror finish and then rinsed with doubly distilled water. For the electrochemical activation of the electrode, it was immersed in a 0.1 mol L -1 sodium bicarbonate solution and was activated by a continuous potential cycling from -1.1 to 1.6 V at a sweep rate of 100 mV s -1 until a stable voltammogram was obtained. For the preparation of MWCNT modified GCE (MWCNT-GCE), a 5 µL of MWCNT-DMF suspension (1 mg per 1 mL) was placed directly onto the activated GCE surface and dried at a room temperature to form a MWCNT film at the GCE surface. The indenedione MWCNT modified GCE (IMWCNT-GCE) was prepared by immersing of MWCNT-GCE in a 0.1 mol L -1 phosphate buffer (pH 5.0) containing 0.5 mmol L -1 indenedione. Then, indenedione was electrodeposited on the MWCNT-GCE surface by 10 continuous potential cycles from -400 to 800 mV at 100 mV s -1 . For the preparation of indenedione modified GCE (IMGCE), the activated GCE (AGCE) was rinsed with doubly distilled water and was modified by 10 cycles of potential sweep between -400 and 800 mV at 100 mV s -1 in a 0.1 mol L -1 phosphate buffer solution (pH 5.0) containing 0.5 mmol L -1 indenedione. Finally, the modified electrodes was rinsed thoroughly with water and stored in 0.1 mol L -1 phosphate buffer solution (pH 7.0).
Results and Discussion
Electrochemical behavior of IMWCNT-GCE
The cyclic voltammograms of an IMWCNT-GCE in a 0.1 mol L -1 phosphate buffer (pH 7.0) at various scan rates are shown in Figure 1A . When the potential is scanned between 0 to 210 mV, an excellent redox couple without a background current appears. We have recently reported that the indenedione derivative electrodeposited on a carbon ceramic electrode (CCE) modified with MWCNTs (IMWCNT-CCE) shows a weak redox couple that contaminates significantly the background current. 36 In addition, the peak-to-peak separation of the redox couple of the electrodeposited indenedione derivative at a MWCNT-GCE is smaller than what is recently reported at IMWCNT-CCE. These results may be due to less conductivity of a carbon ceramic electrode as compared to GCE. Plots of the anodic and cathodic peak currents versus the scan rate show a linear relationship ( Figure 1B) as predicted theoretically for a surface-immobilized redox couple. 39 In addition, the formal potential (E 0 ') value, which was obtained from the equation of E 0 ' = E p a -α(E p.a -E p.c ), 40 is about 100 mV and for sweep rates ranging from 10 to 800 mV s -1 is almost independent of the potential scan rate. The results suggest that the values of anodic and cathodic peak potentials are proportional to the logarithm of the scan rate for scan rates higher than 350 mV s -1 ( Figure 1C ). In these conditions, the surface electron transfer rate constant (k s ) and the charge transfer coefficient (α) for electron transfer between the indenedione and MWCNT-GCE can be estimated from the linear variation of the oxidation and reduction peak potentials with the logarithm of the sweep rate. This is according to Laviron theory. 41 Based on this theory, the following equation can be used to determine the electron transfer rate constant between MWCNT-GCE and indenedione:
In the present case, the values of k s and α were pH-dependent. We obtained k s and α values at four pH values and the results are summarized in Table 1 . The data given in Table 1 reveal that α and k s values depend on the media pH. Although, the k s has the greatest value in alkaline pH (pH 9.0), the modified electrode is unstable in this pH. However, the results show that the k s values of IMWCNT-GCE are higher than those recently reported for IMWCNT-CCE. 36 In addition, the surface coverage of the indenedione layer on the modified electrode surface was evaluated from the cyclic voltammograms recorded at low scan rate in supporting electrolyte and using the equation G = Q/nFA, where Q is the charge obtained by integrating the anodic peak under the background correction and the other symbols have their usual meanings. In the present case, the calculated value of G is 5.6×10 -10 mol cm -2 at sweep rate 20 mV s -1 for pH = 7.0. Figure 2 shows the cyclic voltammetric responses of a 0.1 mol L -1 phosphate buffer solution (pH 7.0) containing 6.0 mmol L -1 hydroxylamine at IMWCNT-GCE (curve b), MWCNT-GCE (curve c), IMGCE (curve d), and bare GCE (curve f). It can be seen that in the absence of hydroxylamine ( Figure 2 , curve a) a pair of well defined redox peaks for the indenedione film attached to MWCNT is observed. Upon the addition of 6.0 mmol L -1 of hydroxylamine, there is an enhancement of the anodic current peak and a very small current is observed in the cathodic peak ( Figure 2, curve b) . This is indicative of a very strong electrocatalytic effect. As illustrated, the anodic peak potential for hydroxylamine oxidation at IMWCNT-GCE (curve b) is about 140 mV which is close to that of the surface-confined mediator anodic peak potential in the absence of hydroxylamine. But at MWCNT-GCE (curve c) and IMGCE (curve d), peak potentials are about 505 and 525 mV respectively, and at the bare GCE, no current is observed in the presence of hydroxylamine (curve e). Table 2 shows the electrochemical characteristics of hydroxylamine oxidation on various electrode surfaces at pH 7.0. From Table 2 , it is concluded that the best electrocatalytic effect for hydroxylamine oxidation is at IMWCNT-GCE. For example, according to the results, there is an enhancement of the anodic peak current at IMWCNT-GCE (curve b) relative to the value obtained at MWCNT-GCE (curve c) and IMGCE (curve d). Also, the peak potential of hydroxylamine oxidation at IMWCNT-GCE (curve b) shifts by about 365 and 385 mV toward the negative values compared with that at a MWCNT-GCE (curve c) and IMGCE (curve d) respectively. In other words, as the data obtained clearly show, the combination of MWCNT and a mediator (the indenedione derivative) definitely improves the characteristics of hydroxylamine oxidation. The improvement of the hydroxylamine determination sensitivity at IMWCNT-GCE is due to the enhancement of the effective surface area of the modified electrode as well as the electrocatalytic effect of indenedione in the E r C i catalytic mechanism (E r C′ i ) which has been described in equations 4 and 5. 34 Also, MWCNT accelerate the rate of heterogeneous electron exchange between the electrode surface and the analyte. 42, 43 This may be due to the MWCNT dimensions, the channels that are inherently present in the tubes, the electronic structure and the topological defects present on the tubes surface. 44 Another possibility is the porosity effect of CNT on the electrochemical oxidation of the analyte. 34 Compared to the bare electrode, and considering the porous interfacial layer of MWCNT-modified GCE, an electron may penetrate through the conductive porous channels onto the electrode more easily, leading to a higher sensitivity. Therefore, MWCNT can be used as a new material for immobilization and electron transfer reactions of indenedione.
Electrocatalytic oxidation of hydroxylamine at IMWCNT-GCE
In order to optimize the electrocatalytic response of IMWCNT-GCE to hydroxylamine oxidation, the effect of different pH values (6.0-8.0) on the cyclic voltammetric responses of 6.0 mmol L -1 hydroxylamine solution was investigated (see Figure 3) . The results indicate that with the increase of the pH, the stability of the modified electrode decreases. It may be due to the conversion of indenedione to a more soluble anionic form which causes the modifier to be released from the electrode surface. The anionic form of indenedione is formed from deprotonation of one of the hydroxyl groups of the hydroquinone ring in the indenedine structure. Also, as it can be seen, there is the best sensitivity for hydroxylamine determination at pH 7.0. In addition, the anodic peak potential for hydroxylamine oxidation at the modified electrode is more negative at pH 6.0 and more positive at pH 8.0 as compared to the surfaceconfined mediator anodic peak potential in the absence of hydroxylamine, while both peak potentials are close to each other at pH 7.0. These results suggest a more effective interaction of hydroxylamine with the indenedione film at neutral pH as compared to the slightly basic or acidic pH.
Chronoamperometric studies
The catalytic oxidation of hydroxylamine at IMWCNT-GCE surface was also studied by chronoamperometry. Chronoamperograms were obtained at different concentrations of hydroxylamine at a potential step of 200 mV ( Figure 4A ). For an electroactive material (hydroxylamine in this case) with a diffusion coefficient, D, the current corresponding to the electrochemical reaction (under diffusion control) is described by Cottrell equation:
where D and C are the diffusion coefficient (cm 2 s -1
) and bulk concentration (mol cm -3 ) of the analyte respectively. Figure 4B shows the experimental plots of I versus t -1/2 with the best fits for different concentrations of hydroxylamine employed. From the slopes of the resulting straight lines and using Cottrell equation we calculated an average diffusion coefficient of 3.22×10 -7 cm 2 s -1 for hydroxylamine. The calculated diffusion coefficient is in a good agreement with that previously reported for hydroxylamine. 
Kinetic studies
The effect of scan rate on the electrocatalytic oxidation of hydroxylamine at IMWCNT modified GCE was used to get information about the rate-determining step. Figure 5A shows the cyclic voltammograms of the modified electrode in a 0.1 mol L -1 phosphate buffer (pH 7.0) containing 4.0 mmol L -1 hydroxylamine at different scan rates. Figure 5B shows that a plot of the catalytic peak current versus the square root of scan rate is linear. This result indicates that, at a sufficient overpotential, the process is diffusion rather than surface controlled, while it is the ideal case for quantitative applications. 39 Also, from this plot, one can calculate an approximate total number of electrons in the overall oxidation of hydroxylamine (n) using the following equation for diffusion controlled electrochemically irreversible reaction: 37, 45 I p =3.01×10 . Values for α and n α which are deduced from Tafel plots (see below) are 0.37 and 1 respectively. This produces an approximate value, n = 2.2 ca. 2, for the total number of electrons involved in the anodic oxidation of hydroxylamine. Similar values were also previously reported for the oxidation of hydroxylamine. 15, 19, 20 Thus, the rate-determining step is given in equation 5 with a rate constant k ' . In above conditions, for E r C i catalytic (E r C i ') mechanism, Andrieux and Saveant theoretical model 46 can be used to calculate the catalytic rate constant, k ' . Based on this theory, the average value of the catalytic rate constant between hydroxylamine and indenedione, k ' , is calculated to be (4 ± 1) × 10 -4 cm s -1 . This result is very close to that obtained from RDE measurements (see next section). Thus, the process according to a catalytic mechanism (E r C i ') could be expressed as follows:
Indenedione (oxidized form) + 2H + + 2e
The overall oxidation of hydroxylamine by the modified electrode is given in equation 6.
In order to obtain information about the rate-determining step, Tafel plots were drawn ( Figure 5C ), derived from points of the Tafel region of the cyclic voltammograms in Figure 5A . The results of polarization studies for electrooxidation of hydroxylamine at IMWCNT-GCE show that, for all potential sweep rates, the average Tafel slope is 10.6 V -1 ( Figure 5C ). Referring to equation 7, 39 the average Tafel slope of 10.6 V -1 agrees well with the charge transfer coefficient of α = 0.37, if the rate-determining step of the electrode process includes one electron transfer.
It is necessary to mention that, based on the literature review, the number of electrons involved in the rate determining step of various processes is one. 19, 20, 36, 37, 39 In addition, the exchange current, i 0 , is obviously readily accessible from the intercept of the Tafel plots. 39 The average value of the exchange current, i 0 , of hydroxylamine at IMWCN-GCE is found to be 0.53 µA. The transfer coefficient, α, is a measure of the symmetry of the energy barrier and the exchange current is proportional to the standard charge transfer rate constant, k 0 , between analyte and modifier. 
Rotating disk electrode measurements
The electrocatalytic activity of IMWCNT-GCE toward the oxidation of hydroxylamine was also evaluated using RDE voltammetry technique. RDE measurements were performed at different rotation speeds in a 0.1 mol L -1 phosphate buffer (pH 7.0) containing various concentrations of hydroxylamine. Typical examples of I-E curves (RDE voltammograms) for a 4.0 mmol L -1 hydroxylamine concentration at IMWCNT-GCE are presented in Figure 6A . The plots of catalytic currents measured at 135 mV versus ω 1/2 (Levich plots) are shown in Figure 6B . It can be seen that the clear lack of linearity immediately, suggests that the reaction is also limited by the electron transfer kinetics. 39 In this case, Koutecky-Levich plots ( Figure 6C ) can be used to determine the value of the catalytic reaction rate constant, k ' , between the oxidized form of indenedione and hydroxylamine. Koutecky-Levich equation can be formulated as follows: ), and all other symbols have their own conventional meanings. From the above equation, it is apparent that the value of rate constant, k', can be calculated from the intercepts of Koutecky-Levich plots ( Figure 6C ). From the intercepts of these plots, which are obtained by the measured currents at a potential of 135 mV, the mean value of k ' is found to be (7 ± 1) × 10 -4 cm s -1 . This value of k ' is in a good agreement with that obtained by cyclic voltammetric measurements in previous section. Figure 7A shows the differential pulse voltammograms (DPVs) of various concentrations of hydroxylamine in a Table 3 , some of the electrocatalytic characteristics obtained in this work are compared with those previously reported by others. [18] [19] [20] 22, 23 The data in Table 3 show that the responses of the proposed modified electrode are in some cases, superior, especially the sensitivity, as compared to those reported for the other modified electrodes.
Differential pulse voltammetry measurements
Determination of hydroxylamine in tap and well water samples
From the results that are mentioned in the previous section, it is apparent that IMWCNT-GCE possesses a high sensitivity and a good detection limit to determine hydroxylamine in real samples. In order to test its practical application, the modified electrode was used to determine hydroxylamine in two natural water samples. For this propose, 5 mL of natural water sample was diluted to 10 mL with a 0.1 mol L -1 phosphate buffer solution (pH 7.0). Then, certain amounts of hydroxylamine were added and their recovery was determined by differential pulse voltammetry. The results (Table 4) show that the recoveries are within the range from 100.2 to 104.6%. The results that were obtained using the proposed method were validated against a calibration graph for hydroxylamine within a range of 10.0-100.0 µmol L -1 . The results of the proposed method clearly show that the matrix of the natural water samples does not make any interference in determination of hydroxylamine.
Conclusions
The results of this study show that indenedione can be immobilized easily at the surface of a multi-wall carbon nanotubes (MWCNT) modified glassy carbon electrode (GCE). The indenedione MWCNT modified GCE (IMWCNT-GCE) presents a stable and excellent electrocatalytic activity for hydroxylamine. The mean values of the catalytic rate constant, k', of IMWCNT-GCE, for oxidation of hydroxylamine at different concentrations are found to be (7 ± 1) × 10 -4 cm s -1 and (4 ± 1) × 10 -4 cm s -1 respectively, using RDE voltammetry and cyclic voltammetry. It has been shown that differential pulse voltammetry can be used as analytical methods to determine hydroxylamine in various solutions. Finally, the proposed Number of sample assayed was three.
